An understanding of the overall nanocomposite behaviour is developed through the combination of real data from micro/nanostructures and the fundamental material characteristics of the constitutive phases. Captured morphological images, using either scanning electron microscopy (SEM) or transmission electron microscopy (TEM), are utilised to generate the geometric information regarding mapping the micro/nanostructures. The material properties, on the other hand, are obtained from conducted tests and previous literature. The numerical results predicting the elastic moduli of polypropylene (PP)/clay nanocomposites are compared with the experimental data and available composites theoretical models. Very good agreement has been shown, establishing the viability of this kind of morphology-based numerical approach.
Introduction
The success of using layered silicates as nanofillers in polymer nanocomposites (e.g. polyamide/clay nanocomposites) has greatly motivated researchers and engineers due to their capability to accomplish the tremendous property enhancements such as high stiffness, light weight and good heat resistance even at low clay contents (≤ 5 wt%). Furthermore, the recent focus has been extended to low cost polyolefin-based nanocomposites like using polypropylene (PP) as the polymer matrix. PP, as a commonly used commodity polymer, has a variety of material merits including low density, high thermal stability, excellent processibility as well as wide usages in automotive and packaging industries. Nevertheless, its low modulus relative to engineering polymers (e.g. nylon 6) might limit the material selection to meet the requirements of end users.
This disadvantage can be potentially alleviated by the additional good clay dispersion. PP/clay nanocomposites, prepared by either conventional intensive shear mixing or twin screw extrusion, have been successfully produced with partially intercalated/exfoliated structures [1] [2] [3] [4] [5] . The major problem to address originates from very low interactions between the non-polar hydrophobic PP and hydrophilic clay to hinder the early stage of effective intercalation. The direct way to increase the compatibility between the PP matrix and clay lies in blending PP with compatibilisers such as maleic anhydride grafted PP (MAPP) oligomer to enlarge the interlayer spacing and facilitate the penetration of clay platelets. Although the complete clay exfoliation as the most favourable morphology of PP/clay nanocomposites has not been experimentally achieved till now, the enhancements of stiffness and strength at a low clay content are still very attractive from the industrial point of view.
So far, extensive processing, experimental testing and material characterisation of PP/clay nanocomposites have been substantially conducted [1] [2] [3] [4] [5] [6] [7] . However, an effective multi-scaled numerical approach to understand the fundamental deformation mechanisms for mechanical property enhancement and to predict the overall material behaviour of such nanocomposites from the complex constituents has not been fully developed. In general, the elastic moduli of nanocomposites have been predicted using three widely accepted approaches including composites theoretical models, finite element analysis (FEA) and molecular dynamic (MD) simulation.
Composites theoretical models such as Halpin-Tsai and Mori-Tanaka models [8, 9] are very simple and rough closed-form analytical solutions, originally developed to predict the material properties of short-fibre composites. Certain efforts have been made with some success to use those models for estimating the elastic moduli [10] [11] [12] [13] , thermo-mechanical properties [10] and the reinforcement efficiency of polymer/clay nanocomposites [13] . As far as the numerical simulation is concerned, MD simulation considers far more accurate model development of thermodynamics and kinetics of formation, based on the discrete atom or molecule as the fundamental unit. It provides a very advanced approach down to the nanoscale level to predict their relevant molecular interactions [14] [15] [16] , interlayer spacing [17] [18] [19] , binding energy [17] [18] [19] [20] and elastic properties [15] . However, this approach solely concentrates on the local molecular/atomic interactions and hierarchical structures and behaviour, which might be constrained by scaling up the integrated lengths or huge time scales to globally characterise the structures of nanocomposites. The applicability of continuum mechanics using FEA has also been faced with great attention by applying the integrated representative volume elements (RVE) with a nanometric second phase [12, 21, 22] . The general use of microstructures of composite materials by either well-aligned RVE [21, 22] or randomly distributed RVE with Monte Carlo method [12] still cannot conform to the actual complicated and highly heterogeneous nanocomposite morphology. As a result, the lack of a fine detailed structural interpretation necessitates the object-oriented finite element (OOF) analysis [23] [24] [25] to deal with a small-scaled and disordered heterogeneous material system. OOF analysis is quite a novel numerical approach to incorporate morphological images, acquired from scanning electron microscopy (SEM) or transmission electron microscopy (TEM), into 2-D finite element modelling by mapping the computational grids. The advantage of OOF technique is to combine the data in the real form of micro/nanostructures such as particle size, shape, spatial position and real orientation, with fundamental material parameters including elastic modulus, Poisson's ratio, coefficient of thermal expansion of constitutive phases to understand the overall material behaviour. Although OOF is temporarily limited to the calculations of elasticity and thermal conductivity in 2-D microstructures, it has given very promising results in analysing stress transfer [26] , fracture mechanisms [27] [28] [29] , crack propagations [30] , residual thermal stresses [31, 32] and thermal conductivities [33] of heterogeneous materials. More recently, OOF modelling has also been employed in predicting the elastic moduli of nanocomposites, in reasonable agreement with experimental data and theoretical analyses of Halpin-Tsai and Lewis-Nielsen models [34] [35] [36] .
The aim of present work is to introduce an image-based extended OOF modelling technique based on mapping the real micro/nanostructures of clay platelets to predict the elastic moduli of PP/clay nanocomposites and evaluate the deformation mechanism resulting from the clay particle distribution effect in an isotropic linear elastic condition. The results are then compared with both experimental data and conventional composites theories in order to understand the micro/nanostructure-mechanical property relationship of tailored PP/clay nanocomposites.
Modelling of elastic modulus

Composites theoretical models
For a conventional composite system, a series of micromechanical models [37] have been developed to handle the factorial effects of filler geometry, content and orientation, as well as the property ratio of filler and matrix on the reinforcement and mechanical properties of composites.
Furthermore, the simplified geometry for each constituent and the assumption of perfect bonding interfaces, though not accurate, are widely admitted by the material manufacturers and engineers to predict the composite stiffness.  for disk-like platelets (
Laminate model
More importantly, clay platelets in nanocomposites inevitably contain some degree of misalignment and random orientation while in the conventional composite theories, unidirectionally aligned fillers are normally assumed for simplicity. In the case of completely random orientation in all three orthogonal directions, the approximation equations for elastic moduli of fibre and platelet reinforced composites moduli E ran-3D based on the laminate theory [39, 40] are derived as
where // E and  E are the composite moduli in the directions parallel and perpendicular to the major axis of fillers, respectively. Laminate model provides the insight to predict the elastic moduli of nanocompsites with randomly oriented clay platelets resembling the real morphological structures.
Modified rule of mixture (MROM)
The modified rule of mixture (MROM) is initially introduced to consider the misorientation effect on the imperfectly misaligned random short fibres reinforced into thermoplastics [41, 42] .
The similar semi-empirical relationship is further adopted for the flake-like fillers [38] in composite materials as
where MRF stands for the Modulus Reduction Factor due to the less positive contribution of 2-D flake/platelet fillers to the unidirectional reinforcement. The Modulus Reduction Factor is proposed in two major different forms for flake-like fillers based on the Riley's rule [43] and Padawer and
Beecher's rule [44] , respectively:
Padawer and Beecher form of MRF:
where α is the inverse aspect ratio of dispersed fillers and G m is the shear modulus of the polymer matrix. MRF might lie in the range between 0.167 and 1 for randomly disposed short fibres [41] . In a special case of platelet fillers, MRF=0.66 [45] has been shown to well predict the tensile moduli of rubber/clay nanocomposites over a wide range of clay volume fractions.
Real morphological image-based numerical simulation
Initial setup
The addition of a small amount of clay particles as rigid nanofillers can significantly enhance the mechanical properties of PP/clay nanocomposites, especially the elastic moduli. 2-D computational models have been established using an object-oriented finite element (OOF) code, OOF 2.0.4 [24] , developed by the National Institute of Standards and Technology (NIST), USA, to predict their elastic moduli at various clay contents ranging from 3, 5, 8 to 10 wt%. OOF 2.0.4 package, installed in a Fedora Red Hat Core 4 Linux system, comprises a preprocessor interface to correlate the real morphological images to the micro/nanostructures, generate the mesh grids with assigned material properties and apply the loading and boundary conditions to the domain, as well as the solver with a postprocessor OOF for the contour illustration of stress/strain state in each element. The finite element analysis was conducted on a Dell INSPIRON™ 8600 laptop with the Windows XP and Linux dual boot system using 1.6 GHz processors and 2 GB RAM.
Initially, a representative region of interest in Fig. 1(a) was selected from a typical TEM micrograph of 5 wt% filled PP/clay nanocomposites. Then the image segmentation using the pixel selection tool was employed to assign the material properties to clay particles and the PP matrix, Fig. 1(b) . The 2-D finite element mesh was subsequently created based on OOF skeleton to display all the details of micro/nanostructures of clay platelets with the actual size and shape, orientation and spatial position. The mesh generation began with the conformity of right triangular or quadrilateral elements over micro/nanostructures and then was followed by the mesh refinement process using an energy functional minimisation approach [25] so that sufficient refined elements could be situated around the critical matrix-particle interfaces where higher stress gradients occurred, Fig. 1(c) . This scheme does not significantly increase the total number of elements due to the element subdivisions arising mainly in the interfaces, thus reducing computational time during the simulation.
Fundamental assumptions of 2-D analysis
Both clay particles and the PP matrix were reasonably hypothesised to be isotropic linear elastic materials since the elastic properties of nanocomposites are accentuated. To further simplify the matrix-reinforcement adhesion, a perfect interfacial bonding was assumed between two constituents. In fact, the interfacial adhesion could be greatly improved by utilising the compatibilisers such as maleated PP. On the other hand, conventional 2-D numerical simulation might also neglect the effect of thickness dimension provided that the other two dimensions presented in a 2-D domain are significantly large. Furthermore, constructed OOF models undergo a virtual simulation of uniaixal tensile test with an in-plane stretching mode. Hence the resulting tensile stresses were calculated based on OOF models with the unit thickness subjected to a plane stress condition for the estimation of elastic modulus.
The material properties of the constituents used for this study are listed in Table 1 , which consider only the simple case of "ideally isotropic homogenised particles" [7, 10, 12, 46] for the intercalated clay platelets to calculate the clay elastic modulus and Poisson's ratio. In a real case, both aligned and skewed clay particles exist with a mix of intercalated/exfoliated structures though intercalation is more prevalent in PP/clay nanocomposites. Nonetheless, the calculation of actual Young's modulus of clay particles appears to be very tedious if the clay dispersion level must be quantitatively identified in good precision and thus is beyond the scope of this work.
To define the boundary conditions, as depicted in Fig. 1(c) , both x and y displacements U x , U y on the left vertical edge of domain were set to zero (i.e. fully constrained) and constant horizontal displacement U x on the right vertical edge was applied which was equivalent to 0.05% and 0.25% elastic strains in the actual tensile tests, respectively.
Prediction of effective in-plane elastic modulus
The effective in-plane elastic modulus of nanocomposites was predicted from the computed nodal reactions caused by the in-plane stretching of OOF models, namely the sum of the boundary forces acting on the right vertical edge of OOF models. The relevant formula is expressed as
where F i is the reaction on the ith node in the x direction. n is a set number of boundary nodes under the nonzero displacement condition. ΔL is the prescribed in-plane displacement and L x , L y are the horizontal and vertical dimensions of OOF modelling domain.
Limitation of 2-D numerical work
Not withstanding that OOF modelling is a very feasible computational approach, it is constrained to a linear elastic deformation of materials based on 2-D microscopic images. When considering more accurate 3-D visualisation, the X-ray nanotomography technique [47] by using Nano-CT scanner [48, 49] in the resolutions of just a few hundred nanometers, along with the data acquisition interfaces such as Mimics® [50] or in-housing developed Octopus [51] , might necessitate the volumetric reconstructions of actual 3-D nanocomposite morphological structures.
Such sophisticated 3-D virtual model geometry could be eventually incorporated into the commercial finite element codes like ABAQUS® or ANSYS®, thus extending the computational capacity to predict the entire elastic-plastic material behaviour of nanocomposites. However, the fine detailed volumetric reconstruction could be very time-consuming due to different ranges of embedded nanoparticles in skewed or well-aligned formations with the micro/nanoscaling effect.
Besides, for simplicity, it is also out of the scope of current study when the prediction of elastic modulus is of great concern.
Results and Discussion
Effect of clay orientation state on elastic modulus
Since the orientation of clay particles has a very significant influence on the elastic modulus apart from their aspect ratio and shape parameter [10, 52] , OOF modelling results are compared with the experimental data [46] , typical Halpin-Tsai and Hui-Shia models with both unidirectional platelet alignment and 3-D random platelet orientation, as well as the modified rule of mixture (MROM), Fig. 2 . Apparently, the modelling results well capture the linear increasing trend of elastic modulus with increasing the clay content, in good accordance with the experimental data though prone to the slight overestimation. Such discrepancy can be associated with neglecting the compatibiliser and interphase properties, as well as the artefacts and phase distinction problem in the imaging analysis. Moreover, it also lies in the simple assumption of perfect bonding condition at the interfaces, which might not be the case for PP/clay nanocomposites since polyolefin-based nanocomposites really lack this strong adhesion with only weak van der Waals forces existing in the clay interlayers [53] .
On the other hand, due to the presence of prevalent stacks of intercalated platelets within the PP matrix, the experimental data have also fitted composites theoretical models at various clay aspect ratios (L/t= 5~80). It is worth noting that the unidirectional alignment state is derived from the theoretical calculations of unmodified Halpin-Tsai and Hui-Shia models in Eqs. (1) and (3), respectively, while 3-D random orientation state is based on Halpin-Tsai laminate hybrid and Hui-Shia laminate hybrid models obtained from Eqs. (1), (3), (4) and (8) . At a fixed aspect ratio, each curve for the random orientation, clearly seen in Figs. 2(b) and (d) , lies below the corresponding one for the unidirectional alignment in Figs. 2(a) and (c) . This is attributed to the practical standpoint in conventional composites theory that any deviation from unidirectional reinforcements inevitably leads to a sizeable reduction in composite stiffness, the extent of which depends on the filler shape [10] . Such modulus reduction phenomenon due to the different filler The curve-fitting aspect ratios as the good indicator of reinforcement efficiency in PP/clay nanocomposites are also listed in Table 2 . The experimental data with a low clay content (below 5 wt%) lie within all the theoretical models at relatively large aspect ratios compared to those with a high content level (8-10 wt%) . This is due to the fact that with increasing the clay content, the number of clay particles is also increased, inevitably resulting in smaller aspect ratios with a possibility of forming clay tactoids. In order to achieve the same modulus at a given clay content, higher aspect ratios are required in Halpin-Tsai laminate hybrid and Hui-Shia laminate hybrid models to compensate for the modulus reduction due to the 3-D filler random orientation. For instance, at the clay content of 3 wt%, the aspect ratios fitting these two models for such nanocomposites are curve-fitting aspect ratios beyond the clay content of 3 wt%, which might arise from the fibre-like filler random orientation, thus enhancing the possibility of biaxial reinforcement effect. The consistent agreement of aspect ratios is also found at the given clay content when fitted by MROM in both Riley form and Padawer and Beecher form. Nonetheless, each of the composites theoretical models fails to predict the experimentally determined elastic moduli accurately with any fixed aspect ratio, which indicates the limitation of these semi-empirical relationships with the ideal assumptions of identical filler geometry, constant aspect ratio and lack of interfacial slip, filler-polymer debonding or matrix cracking, etc. On the contrary, the morphological structures of PP/clay nanocomposites appear to be more complicated with a mix of intercalated, exfoliated clay platelets and aggregated tactoids. Such imperfection inevitably leads to different levels of discrepancy from the theoretical models.
Effect of clay particle dispersion on stress transfer and deformation mechanism
The effect of clay dispersion for PP/clay nanocomposites has also been investigated from the uniaxial stress contours (σ xx ) subjected to 0.25% elastic strain, Fig. 3 . As expected, the tensile stresses become much lower in the PP matrix region free of clay particles while the higher stresses are often visible around the interfacial area between clay particles and the PP matrix. It is implied that the interface in nanocomposites plays an important role in the effective load transfer from the matrix to the fillers. Furthermore, increasing the clay content from 3 to 10 wt% can also lead to the stress enhancement on the PP matrix owing to the more frequent particle-to-particle contact when the number of clay particles increases (i.e. decreasing the interparticle spacing). The stress intensification phenomenon becomes manifested at the sharp edges of clay particles, acting as the stress concentration sites, especially where the clay platelets are tailored to be well-aligned with the loading direction. Similarly, the localised high stress concentration has also been found in the regions with an increasing number of clay particles to contact, which expectedly appears to be more pronounced at a higher clay content (8-10 wt%), Figs. 3(c) and (d) . The orientation state of clay particles, on the other hand, can also substantially influence the local stresses in a unidirectional tensile mode. As illustrated in region A, Fig. 3(a) , clay particles with a more favourable alignment along the loading direction undergo higher stresses compared to the particles that are almost perpendicular to the applied load in region B. This finding further supports the key point in the general composite theories that the variations in composites strengths and moduli along the longitudinal and transverse directions are due to the preferential orientation of the fillers. Hence, a good alignment of clay particles associated with high aspect ratios within the PP matrix is quite vital for the effective stress transfer in a nanocomposite system. However, such mechanism is diminished in practice owing to the real morphology of nanocomposites where various degrees of the random orientation of clay particles exist. The localised high stress field around clay particles obviously induces the possibility of nanocomposite failure and damage, especially at a higher clay content, resulting from the clay particle clustering and contact increment.
The corresponding elastic strain contours (ε xx ) for the local deformation behaviour are depicted in Fig. 4 . Since rigid fillers like clay particles can naturally resist the deformation (i.e. straining) due to their high modulus, the elastic strains of all clay particles become relatively small compared to those of the PP matrix regardless of the clay content in such nanocomposites. PP matrix regions full of clay particles indicate the higher strains parallel to the loading direction. Apart from the clay intercalated structures, large particle size and close particle contact promote a greater deformation level within the PP matrix in the vicinity of clay particles, where the weak zones are developed leading to mechanical failures. Conversely, the particle-free PP matrix becomes less deformed and more inhomogeneous elastic strain distributions are clearly observed with increasing the clay content. In this study, OOF modelling results clearly show that the reason for poor mechanical properties is often associated with the particle agglomeration for nanocomposites with higher clay contents. They also highlight the importance of properly processing nanocomposites and getting a better clay particle distribution.
Conclusions
The novel OOF modelling technique provides the great insight to well predict the elastic moduli of PP/clay nanocomposites in comparison to conventional composites theories. It also creates an opportunity to investigate the deformation mechanism of clay particles on the basis of mapping the real micro/nanostructures. As expected, the orientation of clay particles has been shown to make a great impact on the elastic moduli of PP/clay nanocomposites. Besides, the modulus reduction is revealed to be more significant in Halpin-Tsai laminate hybrid model and [7] Density (g/cm 3 ) 0.9 1.8 Material data sheet Table 2 Curve-fitting aspect ratios between experimental data and composites theoretical models for PP/clay nanocomposites 
